We compared the formation of nodules on the primary roots of a soybean cultivar (Glycine max (L.) Merr. cv. Bragg) and a supernodulating mutant derivative, nts382. Inoculation with Bradyrhizobium japonicum USDA 110 at different times after seed imbibition showed that the roots acquired full susceptibility to infection only between 3 and 4 days postgermination. When the plants were inoculated with serial dilutions of a bacterial suspension, the number of nodules formed in the initially susceptible region of the roots was linearly dependent on the logarithm of the inoculum dose until an optimum dose was reached. At least 10-fold-lower doses were required to induce half-maximal nodulation responses on nts382 than on the wild type. However, at optimal doses, about-six times as many nodules formed in the initially susceptible region of the roots in nts382. Since there was no appreciable difference in the apparent rates of nodule emergence, the increased efficiency of nodule initiation in the supernodulating mutant The combined action of Rhizobium or Bradyrhizobium species and legume plants results in the formation of a defined type of root structure, the nitrogen-fixing root nodule (12). Nodulation is developmentally restricted to the portion of the roots above the growing apex that coincides with the region of emerging root hairs (2, 4, 5). As this zone moves acropetally with seedling growth, root cells lose their ability to become infected (11) or already initiated infections fail to develop into emergent nodules (16, 20, 28) . The resulting reduced nodulation in younger portions of roots was thought to reflect the effect of a host-mediated feedback or autoregulatory response that controls nodule number. In doubleinoculation experiments, Pierce and Bauer (31) showed that nodulation in younger regions of soybean primary roots was suppressed by prior inoculation of more mature regions. In these experiments suppression of nodulation appeared to be a host response that was not explained merely by a limitation imposed by the number of infective bacteria. The extent of the suppressive response was dependent on the number of bacteria in the first inoculum (31) and the particular straincultivar combination examined (23). Other observations have indicated that feedback regulatory responses can also control nodulation in the basal region of the roots, the region which is initially susceptible to infection (34, 35). Basal nodulation in soybeans was suppressed when a second superoptimal inoculum was applied to the roots; this was the result of a failure of already initiated infections to develop into emergent nodules (35).
fr,om the systemic autoregulatory control of nodulation altered in supernodulating mutants.
The combined action of Rhizobium or Bradyrhizobium species and legume plants results in the formation of a defined type of root structure, the nitrogen-fixing root nodule (12) . Nodulation is developmentally restricted to the portion of the roots above the growing apex that coincides with the region of emerging root hairs (2, 4, 5) . As this zone moves acropetally with seedling growth, root cells lose their ability to become infected (11) or already initiated infections fail to develop into emergent nodules (16, 20, 28) . The resulting reduced nodulation in younger portions of roots was thought to reflect the effect of a host-mediated feedback or autoregulatory response that controls nodule number. In doubleinoculation experiments, Pierce and Bauer (31) showed that nodulation in younger regions of soybean primary roots was suppressed by prior inoculation of more mature regions. In these experiments suppression of nodulation appeared to be a host response that was not explained merely by a limitation imposed by the number of infective bacteria. The extent of the suppressive response was dependent on the number of bacteria in the first inoculum (31) and the particular straincultivar combination examined (23) . Other observations have indicated that feedback regulatory responses can also control nodulation in the basal region of the roots, the region which is initially susceptible to infection (34, 35) . Basal nodulation in soybeans was suppressed when a second superoptimal inoculum was applied to the roots; this was the result of a failure of already initiated infections to develop into emergent nodules (35) .
In a series of split-root and grafting experiments, the autoregulatory response was found to be systemic (8, 24, 30, 32) , to require the action of the shoot (19) , and to be induced during nodule development, probably during cortical cell * Corresponding author. division of very early ontogeny (10) . The response was elicited in alfalfa by bacterium free organized nodular structures induced by exopolysaccharide mutants (14) or formed in the absence of Rhizobium sp. (13) . In soybeans, suppression by the plant occurred once the nodule meristems had formed at a stage prior to nodule emergence (16, 20, 28) and was the result of arrest rather than abortion of developing infections (15) . In alfalfa, suppression occurred during the onset of Rhizobium-induced cell division, early during preinfection (11) .
Several soybean mutants that nodulate profusely even in the presence of nitrate have been isolated (6, 17, 18, 21) . These nitrate-tolerant symbiotic (nts) mutants usually form 3 to 40 times as many nodules as the parents (17, 18) , exhibit an increase in nitrogen fixation in the presence of nitrate, and are partially tolerant to the inhibitory effects of soil acidity (12) . Supernodulation is controlled by a single Mendelian recessive gene, which is unlinked to the nonnodulation nod49 and nodJ39 loci, and its expression is epistatically suppressed in double mutants homozygous for the nts and nod alleles (12) . The nts locus can be placed on a genetic linkage group less than 1 centimorgan from marker pA-132, which is part of a soybean restriction fragment length polymorphism linkage map (25) .
Supernodulating mutants appear to be defective in the autoregulatory control of nodulation. Serial sectioning of one supernodulating mutant, nts382, showed that increased nodule emergence was the result of a failure to arrest cell division in the cortex and pericycle at a stage that occurred 24 to 48 h postinoculation and not to an increase in the number of successfully initiated infections (20, 28) . In the presence of noninhibitory levels of nitrate, prior inoculation of one side of a split-root system suppressed nodulation on the other side in wild-type soybeans but not in nts382 (30 
MATERIALS AND METHODS
Bradyrhizobium japonicum USDA 110 (obtained from J. Brockwell, Division of Plant Industry, Commonwealth Scientific and Industrial Research Organisation, Canberra, Australia) was grown to the early-exponential phase as previously described (15) and was diluted to the desired concentration in Hoagland mineral solution (15) .
Glycine max (L.) Merr. cv. Bragg and the supernodulating mutant derivative nts382 (17, 18) were used in these studies. Seeds were surface sterilized with ethanol and sodium hypochlorite as described previously (10) and germinated on wet chromatography paper in covered stainless steel pans at ambient temperature. Two-day-old seedlings were transferred in groups of two to plastic growth pouches (Vaughan's Seed Co., Downers Grove, Ill.) containing 10 ml of Jensen mineral solution (15) and were maintained in a growth chamber at 28°C (day temperature) and 25°C (night temperature) at a relative humidity of 60 to 70%; the photosynthetically active radiation was 500 ,umol. m-2 s1, and a 16-h photoperiod was used. The roots were inoculated with 250-,ul portions of a bacterial suspension, which generally contained 107 viable bacteria per ml, and the positions of the root tip and the smallest emergent root hair were marked on the surface of each pouch by using a dissecting microscope at a magnification of x 12. The seedlings were exposed to light at the time of inoculation. The numbers and relative locations of nodules in the primary roots were determined by using a computer-linked graphics tablet 20 days after inoculation (15) .
In sequential inoculation experiments, a first inoculum was applied to the roots 3 days postgermination, and this was followed by a second inoculum applied 24 h later; the position of the root tip at the time of each inoculation (RT1 and RT2, respectively) was marked, and the locations of individual nodules were determined relative to RT2. The distance between marks was used to normalize differences in rates of root growth and development between plants. Sham the initially susceptible region of the roots (i.e., the region of the roots above the root tip mark) and the total number of primary and lateral root nodules were determined for each set of plants. The (3) (4) (5) . A similar trend was observed with the total number of nodules formed on the primary roots (Fig. 1B) .
In various repetitions of these dose-response comparisons, half-maximal nodulation in the initially susceptible region of Bragg roots consistently required between 10-and 50-fold more cells than were required for half-maximal nodulation responses in nts382. However, at the highest doses, about six times as many nodules formed in this region in nts382. Compared with G. max cv. Williams (4) (Fig. 2) . H primary root nodulati observed peak of ma duced. Delayed nodul in the distribution of mark (1, 4, 7, 22) . inoculum dose did no to the infecting bacter (7), but rather decrea, lateral roots was also observed (6a).
Kinetics of nodule emergence. There were no appreciable differences in the apparent rates of nodule emergence beil doses (Fig. 2) . While acropetal root tween Bragg and nts382. Figure 3 shows the kinetics of nodulation to the region close to the nodulation in primary roots after inoculation with an optimal 5), nodulation in apical root regions is bacterial dose. Nodules appeared in the initially susceptible zgulatory response (31) . This results in region of the roots 6 days postinoculation in both Bragg and )rofile, which in the case of Bragg was nts382 and subsequently emerged at comparable rates.
-oot tip mark (Fig. 2) (5) . In these experiments, the number of nodules formed in the overall root system was constant for both Bragg (ranging from 10.4 to 13.8 nodules per plant) and nts382 (ranging from 329 to 368 nodules per plant).
Sequential inoculations in Bragg soybeans. Seedlings were inoculated sequentially at 3 days postgermination and 24 h later with 107 bacteria per plant (Fig. 4) . While the interval between inoculations was 9 h longer than in the studies performed with G. max cv. Williams (31) and 7 h longer than in the studies performed with G. max cv. Pride 216 (34, 35) , the results were consistent with the existence of both apical and basal suppression of nodulation. As observed with G. max cv. Williams, the response to the second inoculation was suppressed by the response to the first inoculation, and did not increase nodulation in the vicinity of the RT2 mark but consistently suppressed nodulation in the vicinity of the RT1 mnark (Fig. 4) . In these studies, consistency and appropriate seedling age at the time of inoculation were very important. Seedling age is relevant (Table 2 ) and could be responsible for the previously reported variability in the results of sequential inoculation experiments (23) . Sequential inoculations in nts382 soybeans. Plants of mutant nts382 that first received a bacterial inoculum and then received a sham inoculum had a nodulation profile with a prominent peak centered between the RT1 and RT2 marks (Fig. 5) . Plants that first received a sham inoculum and then received a bacterial inoculum had a profile with a sharp peak centered about the RT2 mark. Plants that were inoculated twice with bacteria produced a profile with a moderate peak centered about the RT2 mark, which resembled the profile generated when a single bacterial inoculum was added. 
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However, the number of nodules formed in the vicinity of the RT2 mark was reduced compared with control plants which had received a sham inoculation at the RT1 mark.
While in every treatment group few if any nodules were found more than 4 relative distance units from the RT2 mark toward the root apex, only the plants that received two bacterial inocula formed a considerable number of nodules in regions that were more than 1 to 2 relative distance units below the RT2 mark.
DISCUSSION
Differences in efficiency of nodule initiation between wildtype and supernodulating soybeans. The relative efficiency of nodule initiation can be defined as the number of bacteria required to induce a given number of nodules in the initially susceptible region of the root (4). The fewer the cells required, the more efficient that particular strain-host combination is in the initiation of first nodules. Thus, efficiency of nodule initiation is valuable for determining how the symbionts respond to each other and establish a successful symbiosis.
The efficiency of nodule initiation for wild-type soybeans was 10-to 50-fold lower than that for a supernodulating mutant derivative. The large difference in efficiency was obviously determined by the host. Since both Bragg and nts382 produced nodules on approximately the same regions of the primary roots, the difference in number of bacteria required to initiate nodules was not the result of a delay in the response of Bragg to the bacteria. Pouch-grown Bragg and nts382 plants were similar in root size and morphology, root hair development, and growth rate (15) . Root exudates and plant extracts of both Bragg and nts382 collected during the first days after inoculation induced nodulation genes in B. japonicum to the same extent (29, 33) , and the bacteria attached and associated equally well with the roots of the two hosts (26) . While there were no differences in root hair curling responses (27) and in the number of initiated infections (28), the six-fold difference in the number of nodules formed in the initially susceptible region of the roots (Fig. 2) was related to the inability of nts382 to suppress nodule development or to a more rapid onset of nodulation before the establishment of autoregulation (28) . Thus, increased efficiency of nodule initiation in nts382 cannot be easily explained by an increased number of bacteria in contact with the roots or by the differential elicitation of Bradyrhizobiuminduced host responses.
The increased efficiency of nodule initiation in the supernodulating mutant could result from a lower threshold of response to signal substances of bacterial origin, from the failure of already initiated infections to develop into emergent nodules because of a differential suppression of nodulation in basal regions of the roots (35) , or from an increase in the ability to elicit synthesis of nodulation signals in the bacteria. The observations described above point toward the first alternative. While cowpea root exudates enhance nodule initiation by Bradyrhizobium sp. on cowpeas (1), soybean exudates contain lectins that can enhance the efficiency of nodule initiation by B. japonicum (22) . However, pretreatment of strain USDA 110 with root exudates from wild-type soybeans and nonnodulating and supernodulating soybean mutants did not produce an increase in nodulation efficiency in G. max cv. Bragg (29) . The absence of differences in the nod-gene-inducing abilities of Bragg and nts382 (33) Autoregulatory responses in supernodulating soybeans. Pierce and Bauer (31) were the first to report the existence of an autoregulatory response that inhibits nodulation of distal portions of primary roots. We provide evidence that nts382, despite the fact that it nodulates profusely in primary and lateral roots (Fig. 2 and 5 ) and lacks the systemic response that controls nodulation (30) , exhibits active autoregulatory control of nodule formation. First, nodules were not formed at a uniform frequency along the primary roots of this supernodulating soybean mutant. Instead, profiles of nodulation frequency showed that there was sharply diminished nodulation in younger regions of the roots (Fig. 2) 
